The purpose of this 42-day study was to investigate the effects of methionine deficiency on spleen by determining the relative weight, morphological changes of spleen, cell cycle and apoptosis of splenocytes, and oxidative markers of serum and spleen. One hundred and twenty one-day-old avian broilers were randomly divided into two groups and fed on a control diet (starter diet, methionine 0.50%; grower diet, methionine 0.40%) and methionine deficient diet (starter diet, methionine 0.26%; grower diet, methionine 0.28%) for 6 weeks. The relative weight of spleen was lighter in methionine deficiency than control group. Histopathologically, lymphopenia and congestion were observed. Ultrastructurally, there were more apoptosis lymphocytes in spleen and the mitochondria of lymphocytes were swelled in methionine deficiency. By flow cytometry, the G 0 /G 1 phase of the cell cycle of the spleen was much higher (P < 0.01), and the S, G 2 +M phases and proliferating index were lower (P < 0.01) in methionine deficiency than in control group. And the percentage of apoptotic cells in the spleen was significantly increased in methionine deficiency (P < 0.01).The superoxide dismutase and glutathione peroxidase activities, and abilities to inhibit hydroxyl radicals were greatly decreased while the malondialdehyde contents were markedly increased in methionine deficiency. It was concluded that methionine deficiency could restraine the development of the spleen by cell cycle arrest and increased apoptosis, cause splenic lesions and reduce splenic antioxidant function. The splenic function should be finally impaired and then the immune function could be impacted in chickens.
INTRODUCTION
Methionine (Met) is the first limiting essential amino acid, which is a source of sulfur in the diet, a source of methyl groups and a means of transporting these onecarbon units in metabolic pathways, and therefore, interacting with folate, vitamin Bl2 and choline, and Met is the initial amino acid in polypeptide-chain synthesis [1, 2] . One essential function of Met in neurulation may be as precursor for S-adenosylmethionine (SAM), the methyl donor in transmethylation reactions [3] , which plays a main role as the biological methyl donor for the methylation of DNA, RNA, and protein [4] . A deficiency of Met depresses both the amount of food consumed and body weight gain and Met deficiency is a cause of nutritional myopathy [5] . Moreover Met is a protective factor against various types of liver damage [6, 7] .
Apart from the abovementioned functions, Met is also involved in avian immune functions. For instance, Met promotes antibody production and cell-mediated immune responses in broiler chickens [8] [9] [10] . Met is required for select components of the antibody response, which might be related to T-cell help [9] . Met is also required for production of a cytokine, interleukin-1, in immunologically challenged chicks [11] . And Met deficiency has specific effects on immune responses, which can affect cell mediated immune responses relative to development of the lymphoid organs and antibody production in chickens [12] . Thus, Met deficiency can potentially interfere with any or all of the known mechanisms of worm expulsion whether antibody production and cell-mediated immunity, or mucosal mast cells are interfered with by a number of metabolic pathways [2] . And it is report that cells (both proliferating PC12 cells and postmitotic neurons isolated from fetal rat brains) undergo apoptosis when deprived of other individual essential nutrients (such as methionine) [13] . However, Met is the most toxic of the amino acids in rats, and an excess of a single amino acid often results in an imbalance [14, 15] .
According to references aforementioned, there have been few systematic reports on effect of Met deficiency on spleen in broilers so far. In the present research, the experiment was conducted with the objective of examining the effects of Met deficiency on the spleen of chicken by methods of experimental pathology and flow cytometry (FCM), which provides helpful materials for the same or similar studies in both human and other animals in the future.
MATERIALS AND METHODS

Diets and Chickens
Experimental diets were formulated by NRC (1994). The Met content of Met deficient diet was measured by HITACHI L-8800 automatic Amino Acid analyzer. The results showed that the Met content was 0.26% in starter diet, and 0.28% in grower diet. 0.24% and 0.12% Met were added to Met deficient diet to produce control diets (starter diet, Met 0.50%; grower diet, Met 0.40%).
120 one-day-old healthy avian broilers were randomly allotted by body weight to 2 groups with 6 replicates each group and 10 broilers in each replicate. Broilers were fed on a control diet or Met deficient diet, and were housed in cages with electrically heated units and were provided with water ad libitum for 42 days.
The use of chickens in our experiments was followed and all experimental procedures involving animals were approved by Sichuan Agricultural University Animal Care and Use Committee.
Clinical Signs and Relative Weight of Spleen
Clinical signs were observed everyday. At 7, 14, 21, 28, 35, and 42 days of age during the experiment, five birds in both groups were euthanized and necropsied after the body weight was weighed. The macroscopic changes of spleens were observed and recorded. Spleen was dissected from each chick, and weighed after dissecting connective tissue around the organ. Related Weight (RW) of spleen was calculated by the following formula: RW = organ weight/body weight (g/kg).
Pathological Observation in the Spleen
After weighed, spleen was fixed in 4% buffered formaldehyde and routinely processed in paraffin. Thin sections (5 μm) of each tissue were sliced from each block and mounted on glass. Slides were stained with hematoxylin and eosin (H&E). Histological slides were examined under an Olympus light microscope (made in Japan).
At the end of the experiment (42 days of age), 3 chickens in each group were euthanized and then immediately necropsied. Spleens were sampled for ultrastructural observation, as described by Peng et al. [16] .
Cell Cycle of Spleen
At 14, 28, and 42 days of age, five chickens in both groups were selected for the determination of the cell cycle stages in the spleens by flow cytometry, as described by Cui et al. [17] .
Annexin-V Apoptosis Detection by Flow Cytometry
At 14, 28, and 42 days of age during the experiment, five birds in each group were euthanized. Spleen was sampled from each chick for the determination of the percentage of apoptotic cells by flow cytometry as described by Peng et al. [16] .
Tunel Assay
Terminal deoxynucleotidyl transferase 2′-deoxyuridine 5′-triphosphate dUTP nick end-labeling (TUNEL) assay was performed in deparaffinized sections (5 μm thick) with an Apoptosis Detection Kit(Merck)according to the suppliers' instructions. Briefly, tissue sections were rehydrated in a series of xylene and ethanol solutions and then incubated at room temperature for 20 min with Proteinase K (Cata.No.JA 1477) in a humidified chamber. Slides were then rinsed in Tris-buffered saline(TBS).The entire specimens were covered with 3% H 2 O 2 and then incubated at room temperature for 5 min. Slides were rinsed with TBS.TUNEL enzyme (Cata.No.JA 1559) and label solution (Cata.No.JA 1560) were mixed and applied to the tissues, which were incubated again in the humidified chamber for 1 h at 37˚C. Slides were rinsed thoroughly in TBS. Stop solution; block solution, and conjugate were applied by turns. Diaminobenzidin solution was applied for 10 -15 min to stain the nuclei of apoptotic cells. The methyl green solution was used to counter stain the nuclei of normal cells. Tissues were dehydrated in a series of three ethanol baths and two xylene baths for 5 min each.
(GSH-Px) activities, abilities to inhibit hydroxyl radicals and the malondialdehyde (MDA) contents in the splenic supernatant and serum were detected by biochemical method following the instruction of reagent kits. The reagent kits for measurement of SOD (Cata.No. A001-1) and GSH-Px (Cata.No.A005) activities, and MDA (Cata. No.A003) contents and abilities to inhibit hydroxyl radicals (Cata.No.A018) were purchased from Nanjing Institute of Jiancheng Biological Engineering.
Statistical Analysis
The significance of difference between two groups was analyzed by Independent Sample T Test analysis, and results presented as means ± standard deviation (X ± SD). The analysis was done under SPSS 12.0 for windows.
RESULTS
Clinical Observation
Broilers grew slower in Met deficiency than in control group. Broilers in Met deficiency showed slightly decreased feed intake and depression.
Changes of Weight and Relative Weight of Spleen
No significant differences were noted between Met deficiency and control group at 7, 14, and 21 days of age (P > 0.05). At 28, 35, and 42 days of age, the weight and relative weight of spleen were decreased significantly in Met deficiency when compared with those of control groups (P < 0.05 or P < 0.01). The results were showed in Table 1 .
Pathological Changes in the Spleen
Macroscopically, spleens were smaller in Met deficiency than in control group. Histopathologically, lesions were not observed in Met deficiency during the experiment when compared with those of control group at 7 and 14 days. Lesions were appeared in Met deficiency from 21 days of age to the end of the experiment. At 21 days of age, red pulp was significantly congested (Figure 1(b) ). When compared with those of control group (Figure 1(c) ), the splenic corpuscle was smaller in Met deficiency than control group at 28 days of age ( Figure   1(d) ). At 35 and 42 days of age, lymphocytes were significantly reduced in white pulp and red pulp ( Figure  1(e) ). Also, the histological structure of spleen was disordered in Met deficiency (Figure 1(f) ).
Ultrastructural Changes
No ultrastructural changes were observed in control group (Figure 2(a) ). More apoptotic lymphocytes were found in the spleens in Met deficiency. The apoptotic cells showed typical condensed nuclei with crescent shapes, cytoplasmic organelles with inconspicuous structure (Figure 2(b) ). The swelled or vacuolated mitochondria of lymphocytes were ultrastructurally observed in Met deficiency (Figure 2(c) ).
Cell Cycle Phase-Distribution of Splenic Cells
To examine the dynamics of cell cycle progression, G 0 G 1 , S and G 2 M phase distribution of the splenic cells in Met deficiency were compared with those of control group. G 0 G 1 phase cell distribution gradually accumulated at 14, 28, and 42 days of age and became significantly increased (P < 0.01) in Met deficiency. S phase, G 2 M phase cell distribution and proliferation index (PI) were decreased in the splenic cells in Met deficiency at 14, 28, and 42 days of age (P < 0.05 or P < 0.01). The results were showed in Table 2 .
Annexin-V-FITC Staining Assay by Flow Cytometry
Annexin V-FITC was used to quantitatively determine the percentage of cells that was actively undergoing apoptosis. Our data suggested that percentages of apoptotic cells in the spleen were significantly increased in Met deficiency when compared with those of control group (P < 0.01). The results were showed in Table 3 .
Tunel Assay
Tunel assay revealed that apoptotic cells had brownstain nuclei, which showed morphologic changes of condensed and irregular nuclei. Apoptotic cells were distributed in the white and red pulp of the spleens. Also, there were increased frequencies of occurrence of apoptotic 
Changes of the Oxidative Markers in Serum and Spleen
As showed in Tables 4 and 5 , the serum and splenic SOD and GSH-Px activities were significantly lower (P < 0.01 or P < 0.01) in Met deficiency than in control group from 28 to 42 days of age. The splenic and serum MDA contents were markedly increased in Met deficiency at 28 and 42 days of age compared with those of control group during the experiment, as described in Table 6. At the same time, the abilities to inhibit hydroxyl radicals were greatly decreased ( Table 7) . In the present study, AnnexinV-FITC staining assay showed that the percentage of apoptotic cells in the spleens was significantly increased in Met deficiency. Ultrastructurally, more apoptotic cells could also been observed in spleen. Tunel assay revealed that apoptotic cells with brown-stained nuclei were distributed within the white and red pulp of the spleens with increased frequency of occurrence in methionine deficiency group in comparison with those of control group. The mechanisms of apoptosis are associated with accumulation of the ceramide and activation of caspase. It is reported that Met deficiency could activate one or more pathways for initiating apoptosis that ultimately converge on a common execution pathway [13] . According to the results in the present study, Met deficiency-induced apoptosis was associated with following factors: 1) The mitochondria damage. In the present study, swelled or vacuolated mitochondria of lymphocytes were ultrastructurally observed in methionine deficiency. Due to mitochondrial injury, mitochondrial apoptogenic proteins(such as caspase) were released to the cytoplasm, and the apoptotic process was finally induced [21, 22] .
2) The accumulation of free radicals. In the present study, the abilities to inhibit hydroxyl radicals were reduced in serum and spleen ( Table 7) . Increased and accumulated free radicals in the body and spleen could induce splenocyte apoptosis. 3) The cell apoptosis was related to the accumulation of cells in G 0 /G 1 phage. The above discussion could help us understanding the reason of increased splenocyte apoptosis induced by Met deficient chickens.
DISCUSSION
It is well known that spleen is the biggest peripheral immune organ and plays an important role in immune reaction. In the present study, the weight and relative weight of spleen were used to judge the development of spleens. The results showed that the weight and relative weight of spleens were decreased in Met deficiency, which indicated that the development of the spleens was impacted by Met deficiency.
Splenic nodules are where B lymphocytes gather and mature, and that the periarterial lymphatic sheath consists of matured T lymphocytes. In the present study, histopathological results in Met deficiency showed that lymphopenia was appeared in white pulp (including splenic corpuscle) and red pulp, which indicated suppression of B cell and T cell proliferation that would reduce growth index and decreased number of lymphocytes of spleen. The swelled or vaculated mitochondria of lymphocytes were ultrastructurally observed in Met deficiency. The lymphopenia could be a reason for the decreasing weight of spleen. The mitochondrial injury of the lymphocytes reflected the injury of splenocytes. It was suggested that the splenocytes and splenic tissue was finally impaired by Met deficiency.
The eukaryotic cell cycle is divided into four major phases as follows: the G 1 phase before DNA replication, the periods of DNA synthesis (S phase), the G 2 phase before cell division (M phase) [19] . In the present study, Met deficiency caused an increase in G 1 phase cells that corresponded to a decrease in S phase cells and PI in spleens. The results also showed that the progression of lymphocytes from the G 0 /G 1 to S phases was seriously impaired by Met deficiency. The mechanism of effect of Met on lymphocyte proliferation has not been clear. A possibility was that Met could affect lymphocyte proliferation by changing the production of proteins responsible for proliferation, such as cyclins and IL-2 because Met could suppress protein synthesis [4, 20] .
It is widely known that SOD and GSH-Px are antioxidant enzymes, which are considered as an important physiological antioxidant defense mechanism in removing excess oxygen negative ion [23] . Methionine acts a precursor amino acid for low molecular mass antioxidant glutathione which protects the cells from oxidative damage and plays vital role in detoxification [24] [25] [26] . MDA is the end products of lipid peroxidation. In the present study, the SOD and GSH-Px activities, the ability of inhibition of Hydroxyl Radical as well as the MDA con- tents in spleen and serum were measured to assess the oxidative status of spleen. The results showed that the lipid peroxidation level were much higher in Met deficiency than in control group ( Table 6) . At the same time, SOD and GSH-Px activities, and the abilities to inhibit hydroxyl radicals were reduced (Tables 3, 5 and 7) . The results suggested that Met deficiency might induce oxidative damage and cause further lipid peroxidation, which could involve the accumulation of free radicals and finally impair the biomembrane structure of splenocytes. And oxidative damage may probably be a reasonable pathway for the increased apoptotic splenocytes and the injury of the splenocytes. In conclusion, Met deficiency was found to cause the decreased activities of antioxidant enzymes, increased of lipid peroxidation and finally induce apoptosis in the spleen of chickens. Oxidative stress induced by Met deficiency thus plays an important role in the pathogenesis of Met deficiency.
CONCLUSION
According to the results in the present study and the aforementioned discussion, it is concluded that Met deficiency can restrain the development of spleen by cell cycle arrest and increased apoptosis, cause splenic lesions and reduce splenic antioxidant function. The splenic function should be finally impaired in chickens and then the immune function could be impacted in chickens.
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